マイクロシステム応用のためのグラフェンコンポジットのマルチスケール構造制御 by 李 金樺
Tailoring Architectures of Graphene Composite
at Multiscale for Microsystem Applications
著者 李 金樺
number 62
学位授与機関 Tohoku University
学位授与番号 工博第5395号
URL http://hdl.handle.net/10097/00124293
          リ  キンカ 
氏 名          LI  JINHUA 
授 与 学 位          博士（工学） 
学位授与年月日          平成２９年９月２５日 
学位授与の根拠法規 学位規則第４条第１項 
研究科，専攻の名称 東北大学大学院工学研究科（博士課程）機械システムデザイン工学専攻 
学 位 論 文 題 目           Tailoring Architectures of Graphene Composite at Multiscale for 
Microsystem Applications (マイクロシステム応用のためのグラフェ
ンコンポジットのマルチスケール構造制御) 
 
指 導 教 員 東北大学教授 小野 崇人 
論 文 審 査 委 員          主査 東北大学教授 小野 崇人 東北大学教授 湯上 浩雄 
             東北大学教授 三浦 英生 東北大学教授 田中 秀治 
                               
論 文 内 容 要 旨          
Since its first discovery, graphene has immediately risen as the most shining star of material science, because 
no previous nanomaterial has shown such combination of superb mechanical, electrical and thermal attributes, 
which outperforms that of mostly used materials in microsystems. If properly utilized, all these merits can give 
rise to numerous high-performance graphene-based components toward the next generation of faster, smaller and 
better devices. Nevertheless, graphene in its original form suffers from some intrinsic issues, such as zero-band 
gap issue, hydrophobic surface, easily restack and atomic-thin layer without sturdy shape, which restrict its full 
applications in the microsystem. Therefore, besides functioning as the format of pristine graphene, one of the 
simplest and most effective ways to harness graphene potential and translate it from nanosheet level to 
micro-/macroscale is interfacing with peripheral materials to form composites. For an effective use of graphene in 
composite, the extraordinary properties along its in-plane direction and the huge surface area should be fully 
utilized. Studies to date have shown that sophisticated functionalities can be designed by tailoring arrangement of 
graphene composite at multi-scale with three main architectures. One is taking advantage of both the 
extraordinary in-plane attributes and out-of-plane flexibility of graphene by dispersing it in a matrix (i.e. metal) for 
improving the mechanical, electrical and thermal properties of the composite. Secondly, leveraging the 
high-density edge planes, graphene can be compactly assembled into vertically aligned graphene nanowall (GNW) 
arrays. A GNW composite was demonstrated to be desirable for high-performance energy storage (i.e. 
supercapacitor, battery) and sensing applications due to its fast ion/charge kinetics and high density of states in 
redox systems. Third, further assembling a hierarchical graphene composite with the huge surface of the 3D 
conductive network was proved as a new key material to enable higher capacity for energy storage and better 
sensitivity for sensors. It has also gained eyes due to the high current carrying capacity and distinct 3D heat 
transport characteristics, which hold great promise as an interconnect and heat spreading material for 3D 
electronics packaging and thermal management. 
Towards the Internet of Things (IoT), future microsystems set their primary focus on plenty of emerging 
applications and technology fields, including precision healthcare, smart home, intelligent transportation, 
micro-energy and advanced electronic packaging. This development roadmap raised increased performance and 
functionality demands on MEMS devices, such as ultra-sensitive biosensors, high-performance energy harvesting, 
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and storage (i.e. micro-supercapacitors), more reliable devices, electronic packaging with better shielding and heat 
dissipation ability, etc. These requirements compel researchers to seek a revolution in the critical materials. As 
graphene composites have proved excellent properties in their bulk models, it is reasonable to expect that 
translating their exceptional attributes into microsystems can significant progress the device performance, since 
microsystem applications usually rely on a combination of properties (i.e. mechanical, thermal, and electrical) and 
are particularly positioned to benefit from the utilization of graphene composites. For microsystems, electroplated 
metal, such as Ni, is widely used as structure material owing to its combination attributes of low-temperature 
deposition ability, robustness, high electric conductance, and ferromagnetism. However, Ni suffers from 
deficiencies of plastic deformation which may cause instability or failure of the device. Graphene reinforced Ni 
composite, as it demonstrated with higher hardness and Young’s modulus, opens up the possibility to increase the 
resistance to plastic deformation of Ni and allowing a higher acoustic velocity for an improved resonant 
performance. In another case, using GNW composite allows fabricating micro-supercapacitors (MSCs) or 
micro-sensors of much higher performance delivery while remaining a small footprint device area. Utilizing 3D 
hierarchical graphene composite allows further augmenting the energy storage capacity and sensitivity of 
micro-devices or render superior heat dissipation as a thermal interface material for electronic packing. 
However, before these functions can be fully realized, the substantial challenge to deal with is how to 
integrate graphene composites into microsystems with their controllable architectures, since no proper 
micro-fabrication of graphene composite is currently available. First, challenges associated with the integration of 
graphene reinforced Ni composite is obtaining high-content and uniformly distributed graphene fillers in Ni 
matrix to benefit a higher reinforcement efficiency and a larger acoustic velocity (modulus-to-density ratio). 
Previously reported works suffered from the issues of either agglomeration or low content of graphene in the 
composites due to the hydrophobic nature and strong restacking of graphene. Moreover, the key factor in 
preparing reliable MEMS components is a good understanding of the relationship between material properties 
and its processing. But when MEMS devices are in question, the size of the specimen may affect the 
measurements. Therefore, in addition to those commonly used mechanical tests, micromechanical properties of 
the graphene-Ni composites need to be evaluated at the same scale and shape as the microstructures they 
practically functioned since they may differ from the bulk material properties. However, no practical 
microfabrication and the application of this composite in microsystems have been studied so far. Second, obstacles 
associated with integrating GNW composite is an efficient synthesis of GNW directly on various substrates. 
Especially, since synthesizing GNW on highly conductive metal as an electrode is essential to limit interfacial 
voltage drop in a redox system, integrating a current collector metal with high melting point and suitable carbon 
solubility should be deliberated in according to the growth mechanism of GNW. Despite the above is essential for 
extending the application of GNW composite to diverse microsystem platforms, related systematic study has 
rarely been reported. Moreover, a microfabrication method which not only allows precise patterning GNW 
composite without introducing excessive defects on graphene, but also permits a uniform decoration of GNW with 
active materials is strongly desired. Nevertheless, few related attempts have been performed to the best of our 
knowledge, neither did their practical application in micro-devices. Third, in the realm of hierarchical 3D graphene 
composites, most of the reported structures were fabricated through a solution processing of chemical assembling, 
freeze-drying and catalyst-template methods that limited to bulk material manufacturing, which cannot be 
translated into MEMS processing platform. Thus, a catalyst-free fabrication of 3D hierarchical graphene 
composite on a wafer substrate are extremely desirable to pave the way for the higher performance monolithic 
energy storage device, ultra-sensitivity of sensors or even 3D interconnects of the thermal management 
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application. However, no previous efforts have been reported and the practical application in MEMS devices has 
rarely been explored. 
To this end, this research aims at developing microfabrication technologies to integrate the graphene 
composites with their multiscale architectures into microsystems and explore their prototype applications. 
In chapter 2, graphene nanosheet containing single-, few- and multilayers graphene was prepared via an 
electrochemical exfoliation method, which with relative low defects (ID/IG=0.54) than that reduced graphene oxide. 
GNW was synthesized through a microwave plasma-enhanced chemical vapor deposition (MPECVD). A 
systematic study was performed to investigate the optimum conditions for synthesizing GNW on different 
substrates, including Si, SiO2, alumina, Pt and patterned silicon surface, which helps extend the possibilities to 
apply GNW in diverse microsystem platforms. On the top of the proposal that Pt can dramatically accelerate the 
GNW synthesis by catalyzing carbon precursor dissociation, the self-supported GNW with good adhesion to the 
highly conductive Pt substrate is important to reduce interfacial resistance for using in electrochemical systems. 
In chapter 3, graphene reinforced Ni composite with a high content (~6.3 wt.%) and uniformly distributed 
graphene in Ni matrix was developed by using a novel pulse-reverse electroplating with surface modification of 
graphene. The evaluations of ultramicroindentation test on the graphene-Ni composite thin-film and the resonant 
frequency of the composite micro-cantilevers indicated 2.7-fold Vickers hardness increase and 1.4-fold Young’s 
modulus enhancement, respectively, as compared to that of the pure Ni counterparts. Graphene nanosheet was 
found to effectively refine crystalline grains of the Ni matrix and act as a load carrier that strengthens Ni by 
hindering crystalline dislocation motion and transferring interfacial load. Furthermore, a resonant micromirror 
structure with the composite as the torsional supporting beams was fabricated. The using of composite 
dramatically improved the resonant frequency of the micromirror structure, thus a higher spring constant than 
that of pure Ni counterpart. The resonant frequency and scanning angle of the micromirror structure with the 
composite beams at the fundamental vibration mode remained a smaller deviation of Δf=0.68% and Δθ=2.3° after 
110 h measurements than that of pure Ni counterpart (Δf=1.29% and Δθ=2.9°), implied an improved mechanical 
stability and excellent capability of composite to resist plastic deformation under sustaining cyclic load. 
Furthermore, in contrast to those commonly used mechanical tests, this method, by evaluating the 
graphene-metal composite at the same scale and shape as the micro-structures they practically functioned in 
devices, provides a novel vision to in-depth understand the micromechanical behaviors of the composite at 
microscale. Based on the good micromechanical behavior at dynamic conditions, the graphene reinforced Ni 
composite would be very promising for potential micro-element applications.  
In chapter 4, a microfabrication process of GNW/Ni core-shell composite was developed, which enabled not 
only a precise patterning but also a one-step decoration of GNW with uniformly coated electroactive nanomaterials. 
The unique microfabrication strategy including that Ni layer was evaporated on GNW to serve as both a shadow 
mask for patterning and a precursor to be in-situ electrochemically converted into pseudo-capacitive nickel 
hydroxide. This micromachining protocols can be potentially extended to use other transition metal precursors, 
such as Cu, Zn, Mo, for further extending the application possibilities of GNW composite to satisfy different 
function requirements in diverse microsystems. For the first time, the micro-fabricated GNW/Ni composite was 
employed as the microelectrode to build a thin-film MSCs. As the composite microelectrode showed 10-fold higher 
capacitance than that using GNW or Ni alone, the MSCs device displayed a high volumetric energy density (2.1 
mWh/cm3) and power density (5.91 W/cm3) delivery with good cycling stability. This high electrochemical 
performance is owing to the tremendous accessible redox-active surface area of the composite that eased 
electrolyte ion diffusion and inter-connect conductive graphene networks that facilitated charge transfer. More 
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importantly, the feasible micromachining strategy combined with the good property of GNW composite opens the 
possibilities to promote GNW composites for various potential applications in the microsystem, such as sensors, 
micro-batteries. 
In Chapter 5, hierarchical 3D graphene composites were developed by combining the MPECVD GNW 
deposition with the deep reactive ion etching (DRIE) and metal-assisted chemical etching (MACE) of silicon in 
MEMS technology. A 3D GNW/Ruthenium oxide (RuOx) was structured with DRIE-organized Si microstructures 
as the scaffold and was subsequently applied for constructing an in-chip MSCs. The MSCs indicated a high areal 
energy density (15.1 μWh/cm2), power density (2.49 mW/cm2) and excellent cycling stability. This good 
performance is contributed by the unique 3D GNW/RuOx composite design that benefited not only an excellent 
interfacial charge transfer, but also an improved specific accessible active area for pseudocapacitive redox reactions 
due to the effective utilizing of silicon substrate volume with the etched deep trenches. Another 3D 
GNW/polyaniline (PANI) composite based on MACE-organized SiNWs scaffold was further created as a new 
candidate of high-capacity MSCs electrode. The as-obtained GNW/PANI/SiNWs composite electrode resulted in an 
outstanding areal capacitance up to 185 mF/cm2 by benefiting from a dramatically increased accessible surface 
area from densely arrayed SiNWs and the fast charge transfer at three-dimensions.  
Last but not least, by benefiting from the moderately tailored graphene architectures, there still remains 
many other potential applications of graphene composite in microsystems, including but not limited to the metallic 
micro-switches, resonators, batteries, gas sensors, field-emissions, thermal managements, etc. This thesis research 
here aims at bridging the gap between the multiscale architectures of graphene composites and their proper 
microfabrication technology for microsystem integration. Our explorations are expected to provide a pioneering 
vision and inspirations for further progressing the application of graphene composite in microsystem industry. 
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